In this paper, based on the model proposed by Zhang et al., 2007 , a miner modiˆcation for the evolution equation of overconsolidation is carried out atˆrst and then a unique description of the overall mechanical behaviors of Toyoura Standard Sand (TSS), a typical clean sand, was conducted, in which the eight parameters for describing TSS is kept constant no matter what kind of loadings or drainage conditions may be. In the theoretical simulation, based on conventional drained triaxial compression tests and undrained triaxial cyclic loading tests. the material parameters of TSS are determined. By using the uniquely determined material parameters, other tests under diŠerent loadings and drainage conditions are simulated by the constitutive model. The capability of the model to describe uniquely the overall behaviors of the sand under diŠerent drainage conditions and diŠerent loadings with one set ofˆxed parameters is veriˆed.
INTRODUCTION
Mechanical behavior of clean sand has been investigated for years and so many reports on this topic can be found in literature that it is hard to list them completely within limited pages of references. The reason why many researchers spend much eŠort to learn it, is that mechanical behavior of clean sand dependent not only on shape of particles, angular or round, but also on its density, strain history, and even on degree of structure formed in its deposition (Asaoka et al., 1998) . Sand may behave totally diŠerent under the above-mentioned conditions. For instance, failure pattern of undrained sand subjected to cyclic loading may take the form of liquefaction or cyclic mobility according to the density of sand (Castro, 1969; Castro, 1975; Castro and Poulos, 1977) . Tatsuoka et al. (1982) reported that cyclic undrained strength of loose sand can be rather easily determined while that for dense sand is much more di‹cult to determine not only because of its density but also the way of the sample preparation which is related to the structure formed in the preparation. Loose sand subjected to cyclic loading may liquefy under undrained condition but may be compacted to a denser state under drained condition (Asaoka, 2003) . The strain history, sometimes also called as stress-induced anisotropy, has great in‰uence on the behavior of undrained sand (Finn and Pickering, 1970 ). In the works by Ishihara and Okada (1978, 1982) , the eŠect of pre-shearing on the cyclic behavior of sand was carefully investigated and it is concluded that the liquefaction resistance is dependent not only on the magnitude of the pre-shearing but also on its initial direction. As to the in‰uence of stress-induced anisotropy, Oda et al. (2001) investigated the in‰uence of orientation in the sedimentation of sand both on the stress-strain relation and the liquefaction resistance with macroscopic viewpoint, and the potentiality of re-liquefaction of sand that had experienced liquefaction previously with microscopic viewpoint. Kato et al. (2001) conducted a series of undrained triaxial compression tests on sand with anisotropic consolidation and found that the stress induced anisotropy does not aŠect the state variables at critical state or steady state but that stress-strain relation will be more contractive with larger anisotropy. Hyodo et al. (1994) conducted a series of tests on undrained sand with reversal and non-reversal cyclic loadings and found that non-reversal cyclic loadings may also cause large deformation and that initial deviatoric stress may increase phase transform strength where contractive behavior changes to dilative behavior.
Bidirectional simple shear tests were also conducted to investigate in‰uence of superimposing cyclic shear stress in one direction on undrained behavior of sand subjected to monotonic loading in another direction in the works by Meneses et al. (1998) and it is concluded that the magnitude and frequency of superimposing cyclic loading may aŠect the undrained behavior of sand and that loose sand is more susceptible to a small superposing cyclic loading than dense sand. Verdugo and Ishihara (1996) investigated systematically a so-called conˆning-stress de-pendency of sand in undrained triaxial test in which the samples with the same void ratio but diŠerent conˆning stresses were tested and it is concluded that steady state is not aŠected by the initial eŠective conˆning stress. Meanwhile the steady state evaluated from drained tests is in good agreement with those evaluated from undrained tests.
Compared with undrained cyclic loading tests, drained cyclic loading tests are much fewer in literature, among which the tests on dense sand under constant mean stress, conducted by Hinokio et al. (2001) , should be mentioned. In the test, conˆning pressure of the sand is kept constant and a maximum principal stress ratio (s 1 /s 3 ) is cyclically loaded up to 4.0. It is found that dense sand subjected to relative large cyclic shearing will contract to some extent but will not contract further even if the cyclic shearing continues.
Under undrained condition, it is commonly known that the eŠective stress path is not aŠected by loading path such as conventional triaxial loading, true triaxial loading or plane-strain loading. Under drained condition, however, the loading path may greatly aŠect the mechanical behavior of sand. In the works by Nakai and Mihara (1984) ; Nakai (1989 Nakai ( , 2006 ); Nakai and Hinokio (2004) , systematic investigations were conducted to make clear the drained behavior of sand subjected to very complicated loading paths with computer-controlled true triaxial loading device designed by the authors. In the researches, in‰uence of intermediate stress is carefully investigated which leads to the establishment of tij models (Nakai, 1989) . Above reviews just gave a brief description of the experimental researches on the mechanical behavior of sand. Researches related to the modeling of sand can be found in literature everywhere, e.g., the work by Oka and Ohno (1989) and Oka et al. (1992) ; a soil-water coupling method based on a kinematic hardening elastoplastic model, named as LIQCA (Yashima et al., 1991) . In recent years, some developments in constitutive modeling should be emphasized, e.g., the concept of subloading proposed by Hashiguchi and Ueno (1977) and the concept of superloading proposed by Asaoka et al. (1998) . These developments make it possible not only to describe remolded soils (Roscoe et al., 1963; Schoˆeld and Wroth, 1968) , but also naturally deposited soils in which the density, the stress-induced anisotropy and the structure of soils control the mechanical behavior of soil, as discussed in theˆrst part of this introduction. Meanwhile, the stress-path dependency in general stress condition was properly described with subloading tij model (Nakai and Hinokio, 2004) . Zhang et al. (2007) proposed a new constitutive model for sand in which in addition to the concept of superloading related to the soil skeleton structure (Asaoka et al., 1998 ) and the concept of subloading related to the density (Hashiguchi and Ueno, 1977) , introduced a new approach to describe the stress-induced anisotropy. As a matter of fact, the concept of anisotropy wasˆrst formulated into a constitutive model by Sekiguchi (1977) .
Later, it was introduced to the extended subloading model by Hashiguchi and Chen (1998) using the expression of rotating hardening. Asaoka et al. (2002) also emphasized the importance of stress-induced anisotropy in SYS Cam-clay model, the model thatˆrstly proposed the concept of superloading by which the structure of soil formed in its deposition can be properly described. Zhang et al. (2007) pointed out that the change of density or overconsolidation is contributed not only by plastic stretching and elastic unloading, but also by the stress-induced anisotropy. It is a commonly accepted concept that soil will lose its overconsolidation whenever plastic stretching occurs and gain its overconsolidation whenever the soil is in elastic unloading process. From the viewpoint of Zhang et al. (2007) , however, the soil will gain its overconsolidation even in the case when the plastic stretching occurs. Moreover, a natural limitation for the development of the stress-induced anisotropy was deˆned. Based on the model, mechanical behavior ofˆctional sand subjected to diŠerent loadings under diŠerent drainage conditions was simulated to verify if the model was suitable to describe the general behavior of the sand with one set of deˆnite parameters. Particular attention was paid to the description of the sand subjected to cyclic loading under undrained conditions, that is, for loose sand, liquefaction happens without transition from contractive state to dilative state; for medium dense sand, cyclic mobility occurs while for dense sand, liquefaction will not occur.
In this paper, though might be a little ambitious, the authors try to use the model , with a minor change for the evolution equation of overconsolidation, to describe the overall mechanical behavior of Toyoura Sand, a typical clean sand, in a uniˆed way in which the eight parameters for describing a sand will be constant no matter what kind of loadings or drainage conditions may be.
MODIFICATION OF ORIGINAL CONSTITUTIVE MODEL
In the original model proposed by Zhang et al. (2007) , in addition to the concepts of subloading (Hashiguchi and Ueno, 1977) and superloading (Asaoka et al., 1998 ), a new evolution rule for the development of overconsolidation was proposed. Here we use the words of`development of overconsolidation' instead of`loss of overconsolidation' just to emphasize that during plastic loading the degree of overconsolidation sometime may even increase, not always the case in which overconsolidation only develops in elastic unloading process. In the original model, the changing rate of overconsolidation is assumed to be controlled by two factors, one is the plastic component of stretching that was employed as the only factor in the work by Asaoka et al. (2002) , and the other is the increment in anisotropy, namely in which,°b is proportional to the norm of the plastic component of stretching ¿D p s ¿, and U is given by the following relation as:
The problem arisen in Eq. (2), however, is that when a conˆning stress becomes very high, then the value of ( p?/p0 ?) 2 will be even much larger, which may result in a very quick development of overconsolidation in large conˆning stress. Obviously this is not a realistic behavior. To solve this problem, a new function is proposed in the paper as shown in the following relation:
in which, the function ( y＝x 2 /(x 2 ＋1)) satisfying the requirement that when x is very small, y＝x 2 while if x is very large, y will be equal to 1. This modiˆcation can then solve the problem perfectly without aŠecting the performance of the model in describing the cyclic mobility . A brief description of the model can be found in APPENDIX.
SIMULATION OF TOYOURA SAND IN DIFFERENT LOADINGS AND DRAINAGE CONDITIONS
Among the eight parameters involved in the model,ˆve parameters, M, N, l, k, and n are the same as in the Camclay model. The other three parameters and their functions are listed below: a: parameter that controls the collapse rate of structure m: parameter that controls the losing rate of overconsolidation br: parameter that controls the developing rate of stressinduced anisotropy These three parameters have clear physical meanings and can be determined by undrained triaxial cyclic loading tests and drained triaxial compression tests. In particular, theˆrst two parameters are exactly the same as those in the model proposed by Asaoka et al. (2002) . Therefore the method to determine them is also the same. Parameter br can be determined based on the developing rate of the stress-induced anisotropy when the soil is subjected to shearing or compression. The higher the developing rate is, the larger the parameter br will be. Detailed description about the physical meanings of the structure, overconsolidation and stress-induced anisotropy can be referred to the work by Asaoka et al. 
Undrained Triaxial Cyclic Loading Test and Its Simulation
In this section, the material parameters of Toyoura Sand are determined in above-mentioned tests. The test Table 1 . Cyclic loading with sine wave is applied with 0.01 Hz frequency under conˆning stress of 98 kPa and the sand samples are prepared with the method of sedimentation within water. Loose specimen was prepared by depositing the saturated sand slowly in de-aired water using a funnel with an opening of 3 mm. Medium dense specimen was prepared by pouring the saturated sand into a mold in several layers, each of which is compacted with a 6 mm-diameter rod in prescribed number of times. Figure 1 shows experimental results of undrained triaxial cyclic loading test with three diŠerent amplitude of cyclic loading ratios q/2p0 ? (＝0.15, 0.20 and 0.25), in which p? is the mean eŠective stress and q is stress diŠerence. It is seen from the test results that because the samples are medium dense sand, cyclic mobility does happen in all three tests and that the larger the cyclic loading ratio is, the faster the samples come into the cyclic mobility loop, a typical behavior that can be found in any literature available. Figure 2 shows the theoretical simulation of the undrained triaxial cyclic loading test with diŠerent cyclic loading ratios. The eŠective stress paths and the stressstrain relations predicted by the model coincides qualitatively with the test results, while the cyclic number necessary for causing cyclic mobility is less than the test results.
In the simulation, the unique values of the material parameters of Toyoura Sand, listed in Table 2 , are determined with above cyclic loading tests and drained compression tests (Nakai and Hinokio, 2004) . The values of the parameters, except a and m, are the same as those in the works by Ye et al. (2007) . Parameter a is determined to be 0.5 while parameter m is determined to be 0.01. Detailed method to determine the values of these parameters can be found in the work by Ye (2007) .
Compared to the material parameters, it is rather di‹cult to determine the initial conditions of state parameters for sand because the values are dependent not only on present stress state but also on its history. The initial conditions of the state parameters of Toyoura Sand are listed in Table 3 . Initial anisotropy z0 is assumed to be zero, which means that the sand is isotropic at the beginning of shearing. Structure R* which is in‰uenced by the process in depositing the sand, usually collapses quickly during shearing and never recovers. Therefore initial degree of structure R0 * is assumed to be a relatively large value R0 *＝ 0.75 for the medium dense sand. The initial degree of overconsolidation 1/R0 is determined to be 70 according to its initial void ratio. 
Drained Triaxial Compression Test and Its Simulation
Simulation of drained triaxial compression test under constant mean principal stress is conducted to determine the material parameters. In the test , the initial void ratio of loose sand is e0＝0.851 and medium dense sand is e0＝0.666.
It is, however, very di‹cult to identify the reference void ratio N in a small conˆning stress condition. Therefore, by extending the e-ln p relation to small stress range, the reference void ratio N of Toyoura Sand is determined to be 0.87. Combined with the undrained triaxial cyclic loading test in previous section, the material parameters of Toyoura Sand are fully determined and listed also in Table 2 . The initial values of the state parameters for the drained triaxial compression test, however, are diŠerent from the cyclic loading test and listed in Table 4 . Figure 3 shows the comparison of experimental and theoretical results of triaxial compression test with diŠer-ent densities. The test results of loose sand, as shown in Fig. 3(a) , are reproduced quite well quantitatively. The results of dense sand, as shown in Fig. 3(b) , are reproduced relatively well before peak strength while in the residual state, a discrepancy between the test and the prediction exists. On the whole, however, the model can describe the behavior of the sand to some extent in these tests.
Numerical Prediction of Sands with DiŠerent Densities
The behavior of sand is known to be dependent on its density. In order to verify the in‰uence of the initial density on the behavior of sand, we now consider numerically a set of sands with diŠerent densities which is prepared from a very loose sand using the same method proposed by Asaoka (2003) and Nakai K. (2005) . Table 5 lists the initial conditions of the loose sand before compaction. From the initial values of R, R * , and z, it is understood that the sand is originally normally consolidated and highly structured loose sand without stress-induced anisotropy and has a very large void ratio. In preparing the set of sand samples with diŠerent densities, the very loose sand is compacted by a small vibration load along vertical direction with an amplitude of 2.3 kPa under a small conˆning pressure of 10 kPa. After compaction, these sands with diŠerent densities are isotropically consolidated to a prescribed conˆning pressure of 294 kPa. The set of sands with eight diŠerent densities are prepared by diŠerent numbers of vibrating compaction, as shown in Fig. 4 . Table 6 lists the compaction numbers for preparing the sands with diŠerent densities and the state variables of these sands after they are isotropically consolidated to the conˆning pressure of 294 kPa. By using the material parameters listed in Table 2 and the initial values of the state variables for the sands with diŠerent densities listed in Table 6 , various kinds of triaxial tests under drained/undrained conditions subjected to monotonic and cyclic loadings, are calculated systematically in the following sections.
Simulation of Sand with DiŠerent Densities Subjected to Undrained/Drained Cyclic Loading
The eight sands with diŠerent densities listed in Table 6 are simulated in cyclic loading tests with conˆning stress of 294 kPa. The amplitude of the cyclic loading in shear stress ratio (q/2p 0 ?) is 0.12. Figure 5 shows the stress paths and stress-strain relations of the sands with diŠerent densities in undrained tests. It is clear from theˆgures that very loose sands (No. 1 and 2) generate a large failure strain along the path directly towards the zero eŠective stress state without transition from contractive state to dilative state, as shown in Fig. 5(a) and (b) . For relatively loose sands (No. 3 and 4), they also generate large failure strain at last but transition from contractive state to dilative state can be observed, as shown in Fig. 5(c) and (d) . For medium dense sands (No. 5 to 7), however, cyclic mobility occurs and the strain increases gradually to a relatively larger scale, as shown in Fig. 5(e) to (g) . On the other hand, the dense sand (No. 8) only generates a small amount of strain and never shows cyclic mobility, as shown in Fig. 5(h) . Therefore, the mechanical behavior of sand subjected to undrained cyclic loading can be uniquely and properly described by the constitutive model under the condition that all the material parameters are kept constant. Figure 6 shows the simulated results of loose sand (No. 2) subjected to cyclic loading under drained condition. Other simulated conditions are the same as aforementioned undrained test. As the cyclic loading goes on, the loose sand is compacted and experiences a large contractive volumetric stain.
The above-discussed simulations of undrained/drained cyclic loading tests in Figs. 5 and 6 coincide with the results of the works by Asaoka (2003) in which the author stated the fact that consolidation or liquefaction of sand due to cyclic loading is just dependent on the drainage condition of the test. If the loading is conducted under drained condition, then the consolidation of sand will happen; while under undrained condition, the liquefaction will occur, which is totally coincident with the reality.
Simulation of Sand with DiŠerent Densities Subjected to Undrained/Drained Monotonic Loading
The relationships between stress, strain and void ratio under undrained/drained triaxial compression tests on the sands listed in Table 6 are simulated in this section.
Under undrained conditions, three diŠerent types of typical stress-strain relations can be observed in the simulation, as shown in Fig. 7 . For loose sands [1] and [2] , the sands reach peak strength in small strain level and then collapse and ‰ow rapidly toward the origin of the stress space, showing a typical strain-hardening/softening and contractive behavior. For medium dense sands [3] to [6] , the stiŠness of the sands decreases abruptly in certain strain level where a typical transition from contractive to dilative occurs. Dense sands [7] and [8] , however, only show strain hardening. In Fig. 7(c) , traces of e-ln p? states during shearing are plotted for all sands, showing that all sandsˆnally move towards the critical state line (C.S.L.), and that even for a very loose sand, transition process from contractive to dilative would occur. For dense sand, dilation will be predominant and the stress, that is needed to shear the sands to C.S.L., will be extremely large. Figure 8 shows simulated stress-strain-dilatancy relations of the sands with diŠerent densities listed in Table 6 in drained triaxial compression tests with constant conˆn-ing stresses. It is known that dense sands show the typical strain hardening-strain softening and the dilation, while loose soils only show the strain hardening along with monotonic contraction. The transition from contractive state to dilative state is just dependent on the density of the sand. It is known from Fig. 8(c) that all sands approach the same point in e-p space at the critical state Table 6 in undrained triaxial compression tests Fig. 8 . Simulated stress-strain-dilatancy relations of the sands with diŠerent densities listed in Table 6 in drained triaxial compression tests 686 ZHANG ET AL.
and have the same void ratio, irrespective of the diŠerent initial densities at the beginning of shearing, because they originated from the same sand. The above simulated density-dependent eŠect of sands in drained/undrained triaxial compression are wellknown to the researches and have already been conˆrmed in laboratory tests, that it is not necessary to give any comparison between the test and the simulation.
CONFINING-STRESS DEPENDENCY OF SAND IN UNDRAINED MONOTONIC LOADING TEST
Verdugo and Ishihara (1996) reported their experimental results of Toyoura Sand, in which undrained triaxial compression tests on the sands with the same void ratio but diŠerent conˆning pressures were conducted under very high conˆning pressures (up to 3 MPa). The test results in Fig. 9 show that under the same void ratio, if a conˆning stress is large, the sand behaves like a loose sand, while if the conˆning stress is small, the sand behaves like a dense sand. Such a phenomenon is called Fig. 9 . Test results of stress paths and stress-strain relations of Toyoura Sand with the same void ratio but diŠerent conˆning stress in undrained triaxial compression test (Verdugo and Ishihara, 1996) 687 DESCRIPTION OF TOYOURA SAND as``conˆning-stress dependency of sand'', originally dened in the research by Ishihara (1993). Nakai (2005) also reported the same phenomenon in his tests on silica sands.
The parameters of the sand used in the simulation are the same as those in Table 2 . In the tests, three groups of sands were considered, each of which has the same void ratio, while a diŠerent group has a diŠerent void ratio. Therefore, in the simulation it is necessary to adjust the density for all the sands before shearing. The initial values of the void ratios are set to be equal to 0.78, 0.70 and 0.65 respectively and are listed in Table 7 . It is known from Fig. 10 that the simulated results on the whole coincide well with the test results quantitatively and qualitatively.
It is also known for the simulation that the mechanical behavior of sands with the same density but diŠerent conning stresses can also be reproduced uniquely with one set of the same material parameters in all diŠerent conditions.
SAND SUBJECTED TO DRAINED CYCLIC LAODING
Finally, the behavior of dense sand subjected to drained cyclic loading under constant mean eŠective stress is simulated. The conˆning pressure of the sand is 196 kPa and cyclic loading condition is that the mean eŠective stress is kept constant and a maximum principal stress ratio (s1/s3) is loaded to 4. Figure 11 shows the test results by Hinokio (2000) , in which the stress-strain curves are plotted in terms of eŠective stress ratio s1/s3, a dimensionless normalized stress. The volumetric strain shows dilatancy at the very beginning under cyclic loading and then turns to compression until it reaches a steady state at which the compression almost stops, as shown in Fig. 11(b) . For deviatoric stress-strain relation, at the beginning, it shows a relatively large loop, as the cyclic loading number increases, however, the stiŠness of the sand goes up and the stress-strain relation comes into an almostˆxed loop as shown Fig. 11(c) . In the simulation, the parameters of the sand are the same as those listed in Table 2 and initial conditions of the dense sand are shown in Table 8 . In determining the initial conditions of the sand, it is assumed that the sand is well remolded with extremely low structure and relatively high overconsoli- dation. As can be seen in Fig. 12 , the overall characteristics of the sand predicted by the present model, for instance, the changes in dilatancy and stress-strain relations, agree qualitatively well with the test results, but shows a slight over-estimation of volume strain. It should be emphasized here that in the simulation, volumetric compression also stopped automatically after certain cycles of loadings, which agrees well with the experimental results. The reason why the model can describe this behavior is quite simple. Taking a look at Fig. 12(d) and (e), in which the changes of overconsolidation and stressinduced anisotropy are plotted, it is easy toˆnd out that during plastic loading the degree of overconsolidation sometime may even increase, not always the case in which overconsolidation only develops in elastic unloading process. One of the most important features of the model is that the changing rate of overconsolidation, or density, is assumed to be controlled by two factors, one is the plastic component of stretching and the other is the increment of stress-induced anisotropy. The physical meaning of theˆrst part is very familiar to the readers and the second part, is just used to consider the in‰uence of stressinduced anisotropy which is usually dependent on the roundness of soil particles and their orientation of deposition. It is conceivable that the sand with strong anisotropy will have a stronger resistance against volumetric change during shearing than those of weak ones in which soil participles deposit rather randomly. It is admitted, however, that the above discussion is still hard to be conˆrmed with experiment at the present time. It is clear from theˆgures that during cyclic shearing, overconsolidation gets higher and higher, in other words, the density is getting higher, resulting in the di‹culty to further compression.
CONCLUSIONS
In this study, based on conventional drained triaxial compression tests and undrained triaxial cyclic loading tests, the material parameters of Toyoura Sand are determined. By using the uniquely determined material parameters, other tests under diŠerent loadings and drainage conditions are simulated by the constitutive model. The capability of the model to give a uniˆed description of the overall behavior of the sand under diŠerent drainage conditions and diŠerent loadings witĥ xed values of parameters, is veriˆed and the following conclusions can be given. 1. Eight parameters are needed to describe the behavior of Toyoura Sand, among whichˆve parameters, M, N, l, k, and n are the same as the ones of Cam-clay model. Other three parameters, a: the parameter controlling the collapse rate of structure, m: the parameter controlling the losing rate of overconsolidation and br: the parameter controlling the developing rate of stress-induced anisotropy, have clear physical meanings and can be easily determined by undrained triaxial cyclic loading tests and drained triaxial compression tests. In order to give a uniˆed description of Toyoura Sand, the eight material parameters are kept the same value for all the tests under diŠerent loadings and drainage conditions. 2. Simulations on a set of sands with diŠerent densities originally compacted from the same loose sand are conducted to verify the density-dependent behavior of the sand. The results reveal the fact that the mechanical behavior of the sand subjected to cyclic loading under drained/undrained conditions can be uniquely and properly described by the constitutive model no matter what density it may have. It is conˆrmed theoretically that for loose sand, liquefaction happens without transition from contractive to dilative state; for medium dense sand, cyclic mobility occurs while for dense sand, liquefaction will not occur. Furthermore, it is conˆrmed that if the sand subjected to cyclic loading under drained condition, then the consolidation of sand will occur; while under undrained condition, the liquefaction might happen, depending on its density. 3. Under undrained triaxial compression test, loose sand exhibits a peak strength in small strain level and then collapses and ‰ows rapidly toward the origin of of the stress space, showing a typical strain-hardening/ softening and contractive behavior. For medium dense sand, stiŠness of the sand decreases abruptly in certain strain level where a typical transition from contractive to dilative state occurs. Dense sand, however, only shows strain hardening. In undrained tests, all sand samplesˆnally move towards C.S.L., while in drained tests, all sands approach the same point in e-p space at critical state, irrespective of diŠerent initial densities at the beginning of shearing. 4. Conˆning-stress dependency of sand, a typical behavior of sands with the same density but diŠerent conˆn-ing stresses, can also be simulated properly. 5. Dense sand subjected to rather large cyclic loading un-der drained and constant-mean-eŠective-stress conditions is also simulated. The overall characteristics of the sand is predicted well by the model, for instance, the changes in dilatancy and stress-strain relations are qualitatively the same as the test results with a slight over-estimation of volume strain. Particular attention is paid to the volumetric contraction during cyclic loading, which shows in the test a small dilatancy at the very beginning and then turns to compression until it reaches a steady state at which the compression stops. The simulation also describes the same behavior automatically without changing the values of any parameters, which was impossible up till now. It cannot be said that the model can perfectly describe the various behaviors of Toyoura Sand, but that the model can give a uniˆed description of Toyoura Sand qualitatively with only eight material parameters withˆx-ed value. The fact that sometimes the calculated results do not coincide well with the experimental results quantitatively, implies that the accuracy of the model is still needed to be improved in further research. Because the loading considered in this research is only restricted to axial symmetrical condition, if the in‰uence of intermediate principal stress can be properly taken into consideration like the tij concept (Nakai and Mihara, 1984) , the model would be much better. Furthermore, the non-coaxial property and some mechanical behaviors of soils under special loading conditions such as the rotation of principal axes and probe tests in p-plane, which have been pursued for years by many researchers, should be done in future to verify the applicability of the model.
